Introduction {#S1}
============

Continuous cultivation of greenhouse tomatoes lead to soil acidification and salinization, which seriously restricts the sustainable development of vegetable production in sunlight greenhouses ([@B40]). As a new method of vegetable crop cultivation, nutrient cultivation in a matrix has been gradually developed worldwide ([@B41]; [@B46]). However, the nutrient matrix might be affected after years of continuous cultivation, and substrates need to be replaced continuously, which would cause a large consumption of human and material resources. For example, [@B65] found that the substrate of continuous cultivation was easily produced pathogenic bacteria, which caused plant diseases. However, continuous cropping of a single crop often leads to an imbalance in soil microbial communities, which is manifested in the decrease of microbial diversity, increase of pathogenic bacteria, and decrease of beneficial bacteria ([@B44]; [@B33]; [@B17]). For instance, several studies have reported that continuous cropping reduced many microbial species and organic matter in the soil, leading to the occurrence of soil-borne diseases ([@B9]; [@B37]; [@B20]). Soil-borne diseases of plants are a perennial epidemic, usually causing diseases of plant roots and sometimes endangering the whole plant, and these diseases are easily affected by the soil environment and cultivation measures. The pathogens of soil-borne diseases presented in plants include fungi, bacteria, actinomycetes, and nematodes, among which fungi are often dominant; for example, *Fusarium oxysporum* caused Fusarium wilt in Solanaceae. Moreover, *Verticillium* has been demonstrated to be the agent of vascular wilt, and *Pyrenochaetalycopersici* is considered as the vector of root rot. However, little is known about the effects of continuous cropping on microorganisms in the substrate. Therefore, it is of great significance to study the changes of the fungal community in the nutrient matrix after rotation of different vegetables in order to explore the ways to prevent and control continuous cropping obstacles in tomatoes.

In continuous cropping systems, crop rotation can effectively increase crop yields and reduce the incidence and severity of soil-related factors ([@B64]; [@B68]). Studies have shown that crop rotation can increase the absorption of nutrients, increase crop yield, and significantly increase the content of organic carbon, total nitrogen, and the total microbial population in the soil ([@B63]; [@B62]; [@B24]; [@B32]). To improve soil microbial diversity by rotation may require the use of specific crop combinations, which are expected to have a greater impact on soil microbial diversity. For example, in the substrate of Chinese cabbage--tomato rotations, some studies have found that total microbial biomass and bacterial count increased significantly compared to those of winter fallow substrate, while the number of fungi decreased, and the proportion of fungi to bacteria also decreased ([@B66]). Moreover, intercropping leek with celery has been reported to have many beneficial effects, such as reducing weeds and pests without hindering cultivation ([@B7], [@B6]). Additionally, the occurrence of bacterial wilt in tomatoes was largely controlled during tomato--cowpea intercropping ([@B26]).

At present, studies on the soil microbial community in continuous cropping systems have mainly focused on bacteria ([@B71]; [@B28]; [@B72]), and a large number of bacterial populations have been shown to contribute to antimicrobial disease prevention, plant growth, or systemically induced plant resistance ([@B18]; [@B67]; [@B57]). However, studies also have shown that fungi, as one of the key components of microbial populations, could can affect the stability and fertility of soil structure and could also have a wide range of key ecological functions, including decomposition, parasitism, pathogenesis, and symbiosis ([@B53]). In China's intensive vegetable production system, the effects of long-term continuous cropping on soil quality, especially on genetic and functional diversity of fungi, have not been widely acknowledged in cultivation. As we all know, high-throughput sequencing is a powerful tool for the study of microbial communities and has been widely used in many studies ([@B61]; [@B60]).

Therefore, the purpose of this study was to use high-throughput sequencing method to study the change trend of fungal diversity and community structure in a continuous cropping substrate after rotation of different vegetables and tomato substrates that had been planted for 6 years and 12 crops. We made two hypotheses: (1) the long-term continuous cropping of tomato would increase the abundance of harmful fungi in the substrate, while the implementation of rotation of different vegetable/tomato would lead to the change of fungal diversity, and the change of fungal community in the substrate is closely related to the physical and chemical properties of the substrate because most of the rhizosphere microorganisms are based on carbon sources in the substrate; and (2) different types of rotation vegetables have different effects on the substrate fungal community, different vegetable roots have different abilities to absorb nutrients, some vegetables contain strong allelochemicals, and the response of the root fungal community to them will also be different. To address these points, we compared the composition of fungal community in the substrate of different vegetables (cabbage, bean, and celery) rotation and tomato continuous cropping, and we analyzed the correlation between the two in combination with the physical and chemical properties of the substrate. Finally, we evaluated which vegetable rotation is better for quality tomato cultivation.

Materials and Methods {#S2}
=====================

Experiment Design {#S2.SS1}
-----------------

The test substrate was an organic ecotype soilless culture substrate (the substrate formula was the mixture of slag: spent mushroom: cow manure: chicken manure: corn straw = 13:5:5:2:14). From June 2012 to June 2018, the continuous cropping experiment was conducted in the solar greenhouse of "Zongzhai non-cultivated land facility agricultural demonstration park" in Zongzhai Town, Suzhou District, Jiuquan City, Gansu Province, China (98° 20′ ∼ 99° 18′ E, 39° 10′ ∼ 39° 59′N). It is a typical continental climate. The average sea level is 1360 m, and the annual average temperature is 7.3°C with an annual average precipitation of 176 mm and sees annual sunshine hours of 3033--3316 h. The continuous cropping vegetable is tomato (*Lycopersicon Esculentum* Mill.), which was planted twice a year. The overwintering crop is generally raised in September of that year, planted in October, collected in the first 10 days of February of the next year, and pulled in time in May. Summer and autumn crops are generally planted in time according to the overwintering time. Most of them are planted in June, they are listed in the first 10 days of August, and they are planted in time in October. The experimental tomato variety was "Jingfan 501," a pink fruit of infinite growth type, with a plant spacing of 45 cm, row spacing of 25 cm, and 30 plants in each plot. After continuous cropping, the substrates contained total K: 11.78 (g⋅kg^--1^), total P: 1.31 (g⋅kg^--1^), total N: 0.51 (g⋅kg^--1^), available P: 82.81 (mg⋅kg^--1^), available K: 63.17 (mg⋅kg^--1^), alkali-hydrolyzable N: 907.67 (mg⋅kg^--1^), EC: 1683.67 (μS⋅cm^--1^), and pH: 6.37.

The rotation experiment was conducted in the glass greenhouse of Gansu Agricultural University from August 2018 to March 2019. The rotation vegetables included cabbage (*Brassica pekinensis* Rupr.), bean (*Phaseolus vulgaris* Linn.), and celery (*Apium graveolens* L.). The continuous cropping substrates collected in the continuous cropping experimental site was transported to the greenhouse of Gansu Agricultural University and then put into a 19 cm × 30 cm pot. The amount of matrix in each pot was 5 kg. The seedlings that had been raised in advance were moved into the basin, and the field management measures of each treatment were consistent with the local conventional management measures.

In the rotation experiment, there were three treatments: cabbage rotation (treatment B), bean rotation (treatment D), and celery rotation (treatment Q). The control was the continuous cropping tomato (control = CK), and each treatment had three repetitions.

Matrix Sampling {#S2.SS2}
---------------

The substrate samples were collected after rotation plant seedling pulling (March 2019), and 12 samples were selected for each treatment. After removing the 0--5 cm surface matrix and gently shaking off the matrix around the root system, the matrix adhered to the root surface was brushed off for collection and immediately stored as rhizosphere in an ice box. Subsequently, these samples were divided into two parts, one part was air-dried to determine the physical and chemical properties of the substrate, and the other part was used to extract substrate microbial DNA. There were four treatments in this experiment, and each treatment took three samples for DNA extraction, leaving a total of 12 samples.

Determination of Matrix Physicochemical Properties {#S2.SS3}
--------------------------------------------------

Physical and chemical properties of the substrate were determined following [@B5] method. The pH value of the substrate water suspension (1:5) was determined by glass electrode (PHS-3E; ShanghaiJingke, China). The conductivity of the substrate was mixed in the ratio of the substrate (water = 1:5), placed on the oscillator, vibrated for 30 min, and then filtered. The readings are measured by inserting DSJ-308A conductivity meter of Shanghai Jingke (DSJ-308A, ShanghaiJingke, China) into the filtrate. The content of organic matter in the matrix was assessed by the potassium dichromate method. Alkali-soluble N, available P, and available K were determined by the alkali diffusion method, molybdenum blue colorimetric method, and flame photometry, respectively. Total N, total P, and total K were determined by the Kjeldahl method, molybdenum antimony colorimetric method, and flame spectrophotometer (FP6410, Shanghai, China), respectively.

DNA Extraction {#S2.SS4}
--------------

Total DNA of substrate microorganisms was extracted from 0.5 g mixed soil samples using an EZNA^®^ Soil DNA Kit (OMEGA, Bio-Tek, Norcross, GA, United States) according to the manufacturer's protocols. Each composite substrate sample was extracted in triplicate, and the extracted DNA solutions were pooled.

Quantitative PCR and Illumina MiSeq Sequencing {#S2.SS5}
----------------------------------------------

The purified DNA was used as a template, and the fungal ITS2 region PCR amplification was carried out using primers fITS7 (5′-GTGARTCATCGAATCTTTG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) ([@B8]). The 25 μL reaction system consisted of 12.5 μL Phusion Hot Start Flex 2 × Master Mix, 2.5 μL forward primer, 2.5 μL reverse primer, 50 ng template DNA, and dd H~2~O added up to volume. The PCR reaction was carried out on an ABI GeneAmp^®^ Model 9700 (Applied Biosystems, Foster City, CA, United States). The amplification conditions involved pre-denaturation at 98°C for 30 s, denaturation at 98°C for 10 s, annealing at 54°C for 30 s, extension at 72°C for 45 s, for a total of 35 cycles, and a final extension at 72°C for 10 min. Each sample was prepared in three replicates and the final PCR amplification product was detected by 1% agarose gel electrophoresis and purified by using an AxyPrep DNA Gel Extraction Kit (AxyGenBioScIsStates, Union City, CA, United States) using quantitative fluorescence. The purified PCR products were quantified by Quant-iT PicoGreen dsDNA Assay Kit on Promega QuantiFluor fluorescence quantitative system. The qualified library concentration should be more than 2 nM. After diluting the qualified on-line sequencing libraries (the index sequence is not repeatable), they were mixed according to the required sequencing amount according to the corresponding proportion, and transformed into a single chain by NaOH for on-line sequencing; using the MiSeq sequencer for 2 × 250 bp double terminal sequencing, the corresponding reagent is MiSeq Reagent Kit v2500 cycles.

Processing of Sequenced Data {#S2.SS6}
----------------------------

The original data obtained by sequencing was an image file. After base calling, the resulting file was saved in a fastq format. QIIME (version 1.17; [@B10]) was used to filter the quality of the fastq file. PEAR (version 0.9.6; [@B70]) and Vsearch (version 2.3.4; [@B58]) software were used to splice the two terminal sequences of the original data and filter the chimeric sequence. By using a Vsearch (version 2.3.4; [@B58]) algorithm, the sequences with a similarity greater than 97% were clustered, and then the OTU representative sequences obtained by clustering analysis were compared with the RDP database (version 11.5; [@B11], [@B12]) and UNITE database (version 7.2; [@B50]) to get the species annotation results of all OTUs.

Statistical Analysis {#S2.SS7}
--------------------

Statistical analyses of data were performed using the R packages Stats and Vegan (version 2.3-5; [@B51]). Alpha-diversity indices (Shannon index, Simpson index, Chao1 index, and a number of observed species) were calculated using QIIME (alpha_diversity.py). For β-diversity analysis, a cluster analysis (sample clustering by Bray-Curtis distance) was used to show the similarity between samples, and weighted UniFrac distance measurement (based on system development structure) is used to generate PCoA map to further evaluate the similarity between community members of the samples ([@B43]). According to the sample species abundance table, a Kruskal Wallis non-parametric test and Dunet t test were used to judge whether there was significant difference between different groups, and multiple comparison corrections were done with Benjamini-Hochberg FDR. Generally, *P* \< 0.05 was considered as the significant difference ([@B55]). A redundancy analysis (RDA) was performed by the RDA function in the "vegan" package in "R" (version 2.1.3), which was used to study the effect of physical and chemical properties of rhizosphere matrix on the composition of rhizosphere matrix fungal community.

One-way analysis of variance (ANOVA) and Least Significant Difference (LSD) were applied to evaluate the effects of different tillage methods on physical and chemical properties of substrate.

Results {#S3}
=======

Effects of Rotating Different Vegetables on Physicochemical Properties of Tomato Continuous Cropping Substrate {#S3.SS1}
--------------------------------------------------------------------------------------------------------------

After the rotation of different vegetables, the substrate pH and alkaline-N of treatments B and Q were significantly higher than those of control CK ([Table 1](#T1){ref-type="table"}). Compared to those of control CK, substrate pH and alkaline-N increased by 1.63 and 2.93%, respectively, in treatment B and by 4.59 and 5.6%, respectively, in treatment Q. The EC, organic matter, total K, and available P of the B and D treatment were significantly higher than those of control CK. In treatment B, EC, organic matter, total K, and available P increased by 31.2, 7.4, 10.99, 13.65%, respectively, while in treatment D they increased by 3.38, 16.75, 26.42, and 8.91%, respectively, compared with the control ([Table 1](#T1){ref-type="table"}). In treatment Q, EC, total P, total K, and available K were significantly lower than those in treatment F, by 55.38, 20.63, 13.69, and 61.38%, respectively.

###### 

Physicochemical properties of substrates treated with different treatments.

  **Treatments**   **pH**      **EC**         **Organic matter**   **Total N**   **Total P**   **Total K**   **Available P**   **Available K**   **Alkaline N**
  ---------------- ----------- -------------- -------------------- ------------- ------------- ------------- ----------------- ----------------- ----------------
  B                6.870.04b   1215.336.06a   104.492.19b          1.831.06b     1.30.01a      12.730.23b    73.950.72a        35.50.46c         858.085.34b
  D                6.730.06c   957.674.41b    113.592.19a          2.570.23b     1.320.05a     14.50.15a     70.870.14b        46.830.12a        861.472.44b
  Q                7.070.01a   413.332.03d    94.441.83c           2.330.23b     10.01b        9.90.06d      66.450.48c        14.470.15d        880.255.05a
  CK               6.760.01c   926.331.45c    97.292.81c           6.230.46a     1.260.06a     11.470.12c    65.071.65c        37.470.49b        833.587.45c

EC, electrical conductivity; PH, acidity, and alkalinity; B, D, Q, and CK are defined in

Figure 1

. Treatments B, D, and Q refer to crop rotation with Chinese cabbage, kidney bean, and celery, respectively. Control CK is continuous cropping with tomato.

Effects of Different Vegetable Rotations on the Diversity of Fungi in Tomato Continuous Cropping Substrate {#S3.SS2}
----------------------------------------------------------------------------------------------------------

### Fungal α-Diversity {#S3.SS2.SSS1}

Substrate sample abundance (observed species and Chao1 index) and diversity (Shannon and Simpson indices) are shown in [Table 2](#T2){ref-type="table"}. The Chao1 index and observed species mainly reflect the number of OTUs in the sample. Treatment B had the lowest observed species and Chao1 index, while treatment Q had the highest values. These results indicate that the fungi in treatment B had the lowest abundance. Fungi in treatments Q and control CK had the highest and second highest abundances, respectively. Shannon and Simpson indices also reflect the number of species in the sample and the average or uniformity of species abundance in the sample. Treatments B and D had significantly lower Shannon and Simpson indices compared with control CK ([Table 2](#T2){ref-type="table"}).

###### 

The richness and diversity index of fungi community in different rotation vegetables and continuous tomato were analyzed and observed.

  **Treatments**   **Observed species**   **Shannon**   **Simpson**   **Chao1**
  ---------------- ---------------------- ------------- ------------- ---------------
  B                200.3321.93c           2.950.42c     0.640.02b     281.8726.46b
  D                267.677.64b            3.470.1b      0.700.04b     296.5562.93ab
  Q                29521.93a              4.650.25a     0.950.02a     366.7421.58a
  CK               282.336.81ab           5.060.09a     0.900.02a     332.8534.85ab

Values are presented as means ± standard deviation (n = 3). Different letters indicate statistically significant differences (P \< 0.05). B, D, Q, and CK are defined in

Figure 1

.

### Fungal β-Diversity {#S3.SS2.SSS2}

Hierarchical clustering was used to analyze β-diversity of fungal communities in the continuous tomato cropping system ([Figure 1A](#F1){ref-type="fig"}). The hierarchical clustering resolved the fungal community into four clusters, one composed of group B, one of group D, one of group Q, and one of CK. Groups B and D were clustered together and separate from the control CK. In addition, fungal community from treatment Q differed the most from those in treatments B, D, and control CK.

![Hierarchical clustering **(A)** and principal coordinates analysis **(B)** of fungal communities in tomato cropping substrate based on different treatments. Treatments B, D, and Q refer to crop rotation with Chinese cabbage, kidney bean, and celery, respectively. Control CK is continuous cropping with tomato.](fmicb-11-00829-g001){#F1}

The Unifrac weighted PCoA based on OTUs also clearly showed the differences among different vegetable rotations and continuous tomato cropping samples. PCo1 and PCo2 explained 65.57 and 20.32% of the total variability of fungal data, respectively. The fungal community in the sample series of continuous tomato cropping (CK) was clearly separated from the other nine samples by PCo2. The fungal community members of the cabbage (B) and the bean (D) rotation matrix samples were the most similar ([Figure 1B](#F1){ref-type="fig"}). The unweighted unifrac algorithm showed similar results, but, for the sake of clarity, only the weighted Unifrac-PCoA plot is shown here.

Effects of Different Vegetable Rotations on Fungal Community Composition in Tomato Continuous Cropping Substrate {#S3.SS3}
----------------------------------------------------------------------------------------------------------------

There were differences in fungal community composition among treatments. At the phylum level, the dominant fungal phyla for treatments B and D were *Ascomycota*, with 97.62 and 97.47% relative abundance, respectively, and *Chytridiomycota*, with 1.41 and 0.91% relative abundance, respectively ([Figure 2](#F2){ref-type="fig"}). The dominant fungal phyla in treatments Q and control CK were *Ascomycota*, *Chytridiomycota*, *Zygomycota*, and *Basidiomycota*, with relative abundances of 95.00, 1.55, 1.34, and 1.69%, respectively, in treatment Q, and 91.58, 2.87, 2.86, and 1.89%, respectively, in control CK. Compared with control CK, *Ascomycota* relative abundance in treatments B and D increased by 2.76 and 2.6%, respectively, but it decreased by 3.6% in treatment Q. Compared with control CK, *Chytridiomycota*, *Zygomycota*, and *Basidiomycota* relative abundances decreased by 9.03, 82.09, 78.11%, respectively, in treatment B, and by 41.29, 64.93, and 72.19%, respectively, in treatment D. Contrastingly, *Chytridiomycota*, *Zygomycota*, and *Basidiomycota* in treatment Q increased by 85.16, 113.43, and 11.83%, respectively, compared with control CK.

![Relative abundance of dominant fungi in continuous tomato cropping substrates under different treatments. Fungal phylum in different rotation treatments. Treatment abbreviations are defined in [Figure 1](#F1){ref-type="fig"}.](fmicb-11-00829-g002){#F2}

The fungal community relative abundance was further identified by heatmap analysis. According to the similarity comparison, the colonial structure of fungi in all treatments was divided into four groups ([Figure 3](#F3){ref-type="fig"}). Treatments B and D were clustered into one group, and Q and CK were clustered into the other, indicating that there were significant differences in the community structure among the communities. The abundances of *Gibberella*, *Pseudogymnoascus*, *Pyrenochaeta*, and *Ascomycota_unclassified* were significantly higher in control CK than in treatment B, D, and Q. However, in treatment B, *Davidiella*, *Cladosporium*, and *Verticillium* abundances were higher than those in control CK. In treatment D, *Cladosporium* and *Humicola* abundances were higher than those in control CK.

![Heatmap analysis of fungal communities in continuous tomato cropping substrates under different treatments. The color of relative abundance of the community changed from blue to red, indicating that the relative abundance of the community changed from low to high. Treatment abbreviations are defined in [Figure 1](#F1){ref-type="fig"}.](fmicb-11-00829-g003){#F3}

As shown in [Table 3](#T3){ref-type="table"}, 19 fungi with significant difference between continuous cropping of tomato and continuous cropping of cabbage, bean and celery were selected for *t*-test (*P* \< 0.05) ([Supplementary Tables S1](#TS1){ref-type="supplementary-material"}, [S2](#TS2){ref-type="supplementary-material"}). The abundance of *Cladosporium*, *Verticillium*, *Sarocladium*, *Davidella*, and *Hypocraeles-incertae-sedis-unclassified* was significantly higher than CK, while that of *Pseudogymnoascus*, *Microascaea-unclassified*, *Gibberella*, *Chaetomiaceae-unclassified*, A*scomycota-unclassified*, *Pyrenochaeta*, *Acremonium*, *Fusarium, Emericellopsis*, *Sordariomycetes*, and *Scopulariopsis* was significantly lower than CK. In D treatment, the abundance of *Cladosporium*, *Humiola*, and *Hypocraeles-incertae-sedis-unclassified* was significantly higher than CK, and the abundance of *Plectosaphaerella*, *Pseudonymnosacus*, *Microascaea-unclassified*, *Gibberella*, *Ascomycota-unclassified*, *Pyrenochaeta*, *Emericellopsis*, *Sordariomycetes-unclassified*, and *Scoreriopsis* was significantly lower than CK. In Q treatment, the abundance of *Mortierella*, *Humiola*, *Sarocladium*, and *Hypocraeles-incertae-sedis-unclassified* was significantly higher than CK, while that of *Pseudonymnoascus*, *Gibberella*, *Ascomycota-unclassified*, and *Pyrenochaeta* was significantly lower than CK.

###### 

Comparison of fungal genus in different vegetable rotations and continuous tomato cropping substrates (*t*-test).

  **Genus**                                   **log~2~FC**   ***p*-value**
  ------------------------------------------- -------------- ---------------------
                                              **B/CK**       **(\**p* \< 0.05)**
  *Cladosporium*                              1.17           0.0495\*
  *Pseudogymnoascus*                          --7.36         0.0495\*
  *Verticillium*                              5.52           0.0495\*
  *Microascaceae_unclassified*                --1.28         0.0495\*
  *Gibberella*                                --2.05         0.0495\*
  *Chaetomiaceae_unclassified*                --0.64         0.0495\*
  *Ascomycota_unclassified*                   --3.36         0.0495\*
  *Pyrenochaeta*                              --2.58         0.0495\*
  *Acremonium*                                --0.74         0.0495\*
  *Sarocladium*                               1.09           0.0495\*
  *Fusarium*                                  --2.21         0.0495\*
  *Davidiella*                                0.88           0.0495\*
  *Emericellopsis*                            --1.31         0.0495\*
  *Sordariomycetes_unclassified*              --1.84         0.0495\*
  *Scopulariopsis*                            --2.09         0.0495\*
  *Hypocreales_Incertae_sedis_unclassified*   1.36           0.0495\*
                                                             
  **Genus**                                   **log~2~FC**   ***p*-value**
                                                             
                                              **D/CK**       **(\**p* \< 0.05)**
  *Cladosporium*                              1.34           0.0495\*
  *Plectosphaerella*                          --3.08         0.0495\*
  *Pseudogymnoascus*                          --2.01         0.0495\*
  *Microascaceae_unclassified*                --1.02         0.0495\*
  *Gibberella*                                --1.24         0.0495\*
  *Ascomycota_unclassified*                   --3.16         0.0495\*
  *Humicola*                                  5.55           0.0495\*
  *Pyrenochaeta*                              --4.04         0.0495\*
  *Emericellopsis*                            --1.48         0.0495\*
  *Sordariomycetes_unclassified*              --2.27         0.0495\*
  *Scopulariopsis*                            --1.94         0.0495\*
  *Hypocreales_Incertae_sedis_unclassified*   2.61           0.0495\*
                                                             
  **Genus**                                   **log2FC**     ***p*-value**
                                                             
                                              **Q/CK**       **(\**p* \< 0.05)**
  *Pseudogymnoascus*                          --4.33         0.0495\*
  *Gibberella*                                --0.77         0.0495\*
  *Ascomycota_unclassified*                   --2.57         0.0495\*
  *Mortierella*                               1.34           0.0495\*
  *Humicola*                                  3.12           0.0495\*
  *Pyrenochaeta*                              --1.08         0.0495\*
  *Sarocladium*                               2.19           0.0495\*
  *Hypocreales_Incertae_sedis_unclassified*   4              0.0495\*

\*Significant at the 0.05 probability level. B, D, Q, and CK are defined in

Figure 1

. FC in log

2

FC is fold change, which represents the ratio of the expression amount between two samples (groups). After taking the logarithm based on 2, it is log

2

FC.

Effects of Environmental Factors on Fungal Community Distribution in Continuous Tomato Cropping Substrate {#S3.SS4}
---------------------------------------------------------------------------------------------------------

RDA was used to analyze the relationship between the structure (relative abundance) of 10 fungal communities and the physicochemical properties of their substrate matrices ([Figure 4](#F4){ref-type="fig"}). The fungal community in each treatment matrix was classified by two axes, which explained 82.47% of the total variability. Abundant fungal genera in control CK were positively correlated with organic matter, alkali-soluble N, and total K and negatively correlated with total N and pH. Contrastingly, those in treatment Q were positively correlated with EC, total P, available P, and available K, while those in treatment B were positively correlated with total N, and those in D treatment were positively correlated with total N and pH.

![Effect of environmental factors on the distribution of fungal communities in continuous tomato cropping substrates. Dots represent matrix samples; blue arrows represent the physical and chemical properties of the matrix; and red arrows represent the matrix microorganisms. The angle between the influencing factors (between the factors and the microorganisms) indicate a positive correlation between two factors (acute angle) and a negative correlation (obtuse angle), and the arrow length represents the strength of the effect for each factor. EC, matrix conductivity; pH, matrix pH; o.m., matrix organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available potassium; Alk N, alkali nitrogen. Treatment abbreviations are defined in [Figure 1](#F1){ref-type="fig"}.](fmicb-11-00829-g004){#F4}

Discussion {#S4}
==========

With increasing years of continuous cropping, the soil organic matter, total N, available P, available K, and alkali-soluble N contents all showed a continuous downward trend ([@B34]), while crop rotation or intercropping can effectively alleviate the soil nutrient decline and imbalance caused by single crop continuous cropping ([@B31]; [@B42]). Our results showed that substrate EC, organic matter, total K, and available P were significantly higher after rotation with cabbage and kidney bean than in continuous tomato cropping ([Table 1](#T1){ref-type="table"}), which indicated that the rotation of Chinese cabbage or bean could change the physical and chemical properties of the substrate of continuous cropping of tomato and significantly improve the nutrient supply of the substrate of continuous cropping of tomato. In the study of [@B13], it was also proven that rotation could increase the input of organic carbon in soil. But the substrate pH and alkeline-N of rotation celery were significantly higher than that of tomato continuous cropping ([Table 1](#T1){ref-type="table"}). Some researchers indicated that the proportion of fungi in the soil would decrease with the decrease in soil pH in boreal forest acid soil ([@B22]) or alkaline soil ([@B3]), which indicated that rotation celery could increase the proportion of fungi in the continuous cropping substrate.

Crop continuous cropping can alter the structure of fungal community structure in soil ([@B69]; [@B38]). In our research results, the PCoA of the matrix fungal community structure of the continuous tomato cropping that was subjected to vegetable rotation identified a clear separation of the communities ([Figure 1B](#F1){ref-type="fig"}), which was also confirmed by the hierarchical clustering ([Figure 1A](#F1){ref-type="fig"}). That is to say, the use of different cultivation techniques can also cause significant differences in fungal genetic communities in the soil, leading to characteristic changes in fungal community structure ([@B45]; [@B9]; [@B19]). Rotation of different vegetables can have different effects on the richness and diversity of fungi in continuous cropping matrix. Rotation of celery could improve the richness and diversity of fungi in continuous cropping matrix, while rotation of cabbage and bean can reduce the richness and diversity of fungi in continuous cropping matrix ([Table 2](#T2){ref-type="table"}). Celery is a kind of vegetable with strong allelochemicals. Rotation with crops with stronger allelochemicals can effectively improve the richness and diversity of soil fungi ([@B14]). It has also been shown that continuous cropping can increase the fungal richness of crop rhizosphere soil ([@B48]; [@B73]). Rotation can effectively reduce the amount of culturable fungi in soil ([@B66]). In our study, rotation cabbage and bean treatment reduced the richness and diversity of fungi in tomato continuous cropping matrix ([Table 2](#T2){ref-type="table"}). This may due to the different root exudates of rotation soil, which can reduce the self-toxicity of tomatoes, inhibit the propagation of pathogenic bacteria, and improve the microecological environment of soil ([@B4]; [@B74]). It is an important discovery that rotation of different vegetables will have opposite effect on the diversity and richness of fungi in continuous cropping matrix.

Fungi can decompose soil organic matter and play an important role in the terrestrial ecosystem ([@B1]; [@B52]; [@B2]). Among them, *Chytridiomycota*, *Zygomycota*, and *Basidiomycota* are the main media of organic matter decomposition in most terrestrial ecosystems ([@B25]; [@B56]). Compared with tomato continuous cropping (CK), rotation celery (Q) increased the relative abundance of *Chytridiomycota*, *Zygomycota*, and *Basidiomycota* ([Figure 2](#F2){ref-type="fig"}). [@B54] also found that the relative abundance of *Zygomycota* and *Basidiomycota* in potato continuous cropping soil under ridge and furrow mulching cultivation mode was higher than that under flat ridge mulching cultivation mode. This indicated that rotation celery could increase the relative abundance of beneficial fungi in tomato continuous cropping substrates.

In addition, as shown in the fungal community heatmap, *Gibberella* and *Pyrenochaeta* abundances in cabbage, kidney bean, and celery rotations were significantly reduced compared with those of continuous tomato cropping ([Figure 3](#F3){ref-type="fig"}). *Gibberella* is a well-known pathogen associated with diseases of several crops including rice, sugar cane, and corn ([@B47]; [@B49]; [@B23]). It has been reported that sugarcane--soybean intercropping can also reduce the relative abundance of *Gibberella* in soil ([@B36]). Furthermore, *Pyrenochaetalycopersici* is a soil-borne fungus that causes root rot of tomato wood. After infection with pathogens, tomato roots form lesions and wrinkles, and finally form a cork structure ([@B27]). With increasing continuous tomato planting time, pathogens accumulate in the soil and the incidence of *Pyrenochaetalycopersici* is multiplied ([@B30]). The use of biological control, such as treatment of tomato plants with *Trichodermaviride* 18/17 SS, *Streptomyces* spp. AtB42, and *Bacillus subtilis* M51 PI, can effectively prevent the growth of *Pyrenochaetalycopersici* ([@B16]). The rotation method used in the present study alleviated the soil-borne disease caused by continuous tomato cropping. We found that rotation of cabbage, kidney beans, and celery can significantly reduce *Pyrenochaeta* abundance in continuous tomato cropping substrate ([Table 3](#T3){ref-type="table"}).

Rotation is a good practice to protect vegetable production. By changing the soil microenvironment, it can effectively improve soil physical and chemical properties, regulate soil fertility, and increase crop yield ([@B24]; [@B29]). Several studies have shown that environmental factors shape fungal communities and structures ([@B39]; [@B29]). In the present study, we used RDA plots to show the interaction between physicochemical properties of the substrate and 10 fungal communities of interest. The most abundant taxa were found to be strongly negatively correlated with matrix pH and total N ([Figure 4](#F4){ref-type="fig"}). Our findings are consistent with other studies, showing that soil pH is a very important factor for building microbial communities ([@B59]; [@B28]; [@B14]). The EC value of substrate not only affects the growth of rhizosphere, but also affects the development of fungi. Our study shows that the EC of the substrate after planting celery is 413.33 μS/cm ([Table 1](#T1){ref-type="table"}), and the study of [@B35] also showed that celery can grow normally within the EC Value of 200--400 μS/cm. In our study, the EC of substrate was negatively correlated with the richest taxa ([Figure 4](#F4){ref-type="fig"}), which is consistent with previous research results ([@B59]; [@B72]; [@B14]). In contrast, the most abundant taxa were positively correlated with the matrices total P, total K, available P, available K, organic matter, and EC ([Figure 4](#F4){ref-type="fig"}). Our findings are consistent with previous studies showing that soil physicochemical properties have a strong impact on soil microbial communities and structures ([@B59]; [@B15]; [@B21]).

Conclusion {#S5}
==========

In this experiment, the effects of Chinese cabbage, kidney bean, and celery rotation on the physical and chemical properties, fungal diversity, and community structure of continuous tomato cropping rhizosphere were studied. Rotating different vegetables improved the physical and chemical properties of the substrate under greenhouse continuous tomato cropping. Rotating cabbage and kidney bean reduced the diversity and abundance of fungi, which changed the fungal community structure of the substrate, while celery rotation increased fungal diversity and abundance of continuous cropping and also reduced the relative abundance of harmful fungal genera. Therefore, from the perspective of maintaining the balance of the substrate microbial ecological environment, we believe that the rotation of celery can better solve the problems arising from continuous tomato cropping.
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